Development and fabrication of single-walled carbon nanotube (SWNT) based pH sensor were reported. The precise alignment of individual SWNT using dielectrophoresis method between the two microgap electrodes was conducted, and the effects of precise alignment of individual SWNT on impedance, long term stability, and capacitance of the sensor were studied. The pH sensor was fabricated using conventional photolithography and wet etching process. The impedance values were found to decrease in the order of distilled water > pH 10 > pH 5 > pH 3 > air. Without the alignment of SWNT, the capacitances values decreased with increasing of pH values at low frequency. All the impedance and capacitance results were highly repeatable.
Introduction
Since the discovery of carbon nanotube (CNT), it has been used to develop new generation of sensor due to its many excellent properties [1] . For CNT, it is divided into two major categories which are single-walled carbon nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTs). An SWNT consists of single layer of graphene closed at both ends as compared to MWNTs which are made up from multilayers of graphene [2, 3] . CNTs show high potential in wide range of application in nanoelectronics and biomedical sensors based on the increasing number of publication every year. Precise alignment of individual SWNT between electrodes is essential for practical electronic applications. The popularity of CNTs has facilitated a wide range of applications such as field-effect transistors [4] [5] [6] [7] [8] , chemical and biological sensors [9, 10] , scanning probe microscopy tips [11] [12] [13] , and field emitters [14, 15] . However, the challenge to align the CNT at desired positions between electrodes is still present until now [16] [17] [18] [19] . Several methods have been used to place CNTs, but they have some disadvantages. Position and distribution of CNT between electrodes were difficult to be controlled when spin coating was used [7, 20] . High temperatures are needed when CNTs are synthesized directly and show other drawbacks as well such as poor selectivity of growth and noncompatibility of device at high temperatures [21] [22] [23] . Another technique is to deposit CNTs manually. However, it is difficult to grip a CNT by the manipulator since CNT is in nanosize [24] . Dielectrophoresis, on the other hand, has been proven as a simple and quick method to align CNTs in the desired position. It is because this technique can be easily carried out at room temperature using low voltages.
In this study, individual functionalized SWNT was aligned using dielectrophoresis method between the two gold electrodes. The gold electrodes were fabricated on silicon substrate using photolithography and wet etching. Scanning electron microscopy (SEM) and field emission scanning electron microscopy (FESEM) were used to investigate the alignment of individual functionalized SWNT between the two gold electrodes. The device was used as pH sensor and tested using three different pH buffer solutions, and the conductivity, capacitance, and impedance measurement were conducted as well.
Methodology

Preparation of Individual SWNTs. The functionalized
SWNTs with purity of >90% were purchased from 2 Journal of Nanomaterials Sigma-Aldrich. The functionalized group attached to SWNTs was carboxylic acid. The functionalized SWNTs were dispersed in IPA solution using ultrasonic process for 30 min to debundle functionalized SWNTs into individual SWNT.
Fabrication of pH Sensor.
In this research, the normal transparency sheets were used as the material for the photomasks to fabricate the pH sensor. The photomasks were designed using AutoCAD and printed onto transparency sheets. Figure 1 shows the design of gold electrodes which is similar to a teeth structure with the width of 2.2 m between them. Figure 2 shows the fabrication flow of pH sensor using conventional photolithography method. The silicon wafer was first cleaned thoroughly using acetone before the deposition of silicon oxide. The wafer was coated with a 270Å thick thermal-grown SiO 2 as an insulating layer using Modulab dry oxidation furnace. Then, a layer of Ti with thickness of 100 nm as an adhesion material and a layer of Au with thickness of 200 nm as an electrode material were coated on the wafer surface using thermal evaporator (Auto 306). Then, a layer of positive photoresist (PR) was coated onto the silicon surface using a Shipley S1813 Resist Spin Coater. Soft bake was conducted for 90 s to remove moisture after PR was coated onto the silicon surface. The pattern from the photomask was then transferred onto the wafer using MIDAS MDA-400M mask aligner exposure system with ultraviolet wavelength of 365 nm and an exposure time of 10 s. Next, the RD6 developer solution (Futurrex) was used to develop the pattern after the UV exposure and continued by the hard bake process for 90 s. The unwanted pattern which was not exposed to UV was etched away using aqua regia etchant. The times for Au and Ti etching were 30 s and 60 s, respectively. Aqua regia solution was prepared by mixing hydrochloric acid (HCl) and nitric acid (HNO 3 ) in a ratio of 4 : 1. The aqua regia was then diluted in distilled (DI) water in the ratio of 1 : 2 to reduce the concentration of the pure aqua regia and to avoid the pattern to be destroyed. Finally, the PR was stripped using the acetone solution. Figure 3 (a) shows the configuration of the experimental system for the dielectrophoresis of SWNT's alignment. A function generator (Agilent Technologies 81150A) was used to generate AC signal source and it was connected to the Au electrodes through two metal probes. The voltage (peak-to-peak) across the electrode gap was monitored using an oscilloscope (Agilent Technologies MSO 7054A). After the electrical measurement instrument was set up, 2.0 L of dispersed SWNTs in IPA solution was dropped carefully in the area between the gold electrodes using micropipet onto the electrode gap where the AC electric field was applied. The individual SWNT was aligned slowly due to the dielectrophoretic force that was created in the electric field. Figure 3 (b) illustrates that the alignment of individual SWNT between the two gold electrodes was done successfully. The experiment was conducted at room temperature using an applied AC signal with four different values of peak-to-peak voltages, pp , and frequency, , as shown in Table 1 .
Alignment of Individual SWNT.
Characterization.
The pH sensor was examined under high power microscope (HPM). The gold electrodes and the alignment of individual SWNT were analyzed using scanning electron microscopy (SEM; JEOL JSM 6460LA). Energydispersive X-ray spectroscopy (EDX) was used to determine the carbon content in the samples. A dielectric analyzer (Novocontrol) with Windeta software was used to characterize the electrical properties of the dielectrophoresis-aligned SWNT. The electrical characterization for this research was conducted before and after alignment of SWNT between the electrode gaps using various buffer solutions with pH of 3, 5, and 10. Besides, DI water and air were used to test the pH sensitivity as well. Also, 1 Hz-100 MHz of frequency with constant 0.5 V of AC voltage were applied to measure the impedance and capacitance values for different pH values. The results were obtained from the dielectric analyzer and plotted into graphs. From the plotted graph, a comparison of capacitance and impedance will be made for before and after CNT alignment process. During the pH measurement process, solutions were dropped carefully using micro pipet onto the aligned SWNT between the electrode gaps. After each value of the pH solutions was tested, the sample was cleaned with DI water and filter paper. The blower was used to dry the sample and to make sure that there was no dust on the sample. Sample was kept stationary with the probe needle location to avoid inaccurate results. Furthermore, sample was tested without any vibration or noisy environment to avoid poor results.
Results and Discussion
Characterization of pH Sensor.
The morphology of gold electrodes was investigated using HPM and the image was shown in Figures 4(a) and 4(b) SEM image of teeth-like gold electrodes of pH sensor under SEM observation. It is noticed that the distance between two gold electrodes was increased to 29.6 m from the designed value of 2.2 m due to the overetching process of gold electrodes using aqua regia solution. The measured value was the smallest distance that was achieved in this work. The shape of teeth-like structure of gold electrodes was remained the same as designed structure and able to provide a good platform for the alignment of individual SWNT. Figure 5 shows the SEM images of the deposited SWNT onto the substrates after being aligned using dielectrophoresis method. In Figure 5 (a), large bundles of SWNT were not aligned successfully and accumulated at one of the gold electrodes because the functionalized SWNTs were not dispersed successfully before dielectrophoresis. There were some individual SWNTs that were observed from Figures 5(b)-5(d) between the two gold electrodes, but the alignment was not successful as well.
Investigation of Alignment of Individual SWNT.
It is because the SWNT was not aligned straight connecting the two gold electrodes. The quality of aligned SWNTs was influenced by the voltage applied and frequency used during the dielectrophoresis process. Therefore, the voltage and the frequency were set at different values in order to obtain the best parameter to align individual SWNT with the right position ( Table 1) . 5 V peak-to-peak and 20 MHz were found as the best parameters for the alignment of individual SWNT between Journal of Nanomaterials the two gold electrodes as shown in Figure 6 . The individual SWNT was successfully aligned straight connecting the two gold electrodes and it is rarely reported in the literature. This position facilitated the movement of electron, and therefore, the sensitivity of pH sensor was greatly improved. When AC current was applied, the electric field was created and induced the dielectrophoretic force [25, 26] . The individual SWNT was aligned slowly in the presence of this force until the desired position was achieved. The EDX was analyzed at the marked spot as shown in Figure 7 and the elements weight percentages were shown in Table 2 . The EDX result shows that carbon was obtained as major element of 54.30% as compared to oxygen of 11.49% and silicon of 34.21%. The highest weight percentages of carbon content were due to the presence of SWNT.
Electrical Characterization
Impedance Results.
Impedance results of the aligned individual SWNT were drawn and presented in Figure 8 . Figure 8 : Impedance-frequency plot for after SWNT is aligned.
It is observed that the impedance values decreased in the following order of DI water > pH 10 > pH 5 > pH 3 > air.
In Figure 8 , when 1 Hz of frequency was used, the highest value of impedance was obtained for DI water at 15726 Ω as compared to air, buffer solution with pH 3, pH 5, and pH 10 with value of 570 Ω, 4028.6 Ω, 6540.9 Ω, and 12617 Ω, respectively. It is because DI water does not contain any positive or negative charge as compared to the buffer solutions to facilitate the current flow which lower the impedance values. When buffer solutions were dropped onto the SWNT, hydrogen (H + ) and hydroxide (OH − ) ions can accept or donate electron to the carboxyl groups of functionalized SWNTs [27] . Buffer solution with pH 10 demonstrated the higher impedance value than buffer solutions with pH 3 and 5 due to the presence of OH − which donated electron to the p-orbital of the SWNT and caused the effect that no positive hole was created in the SWNT [28] . Thus, the conductance was decreased. However, the high concentration of H + existed in buffer solutions with pH of 3 and 5 caused the opposite effects and increased the conductance of SWNT. The conductance of SWNT was changed which contributed to the donate/accept electron process [28] .
Long Term Stability with Buffer Solution.
A stable pH sensor should be able to demonstrate its sensitivity for a long period of time. Thus, the SWNT based pH sensor must be tested for its long term stability because pH sensor is working in aqueous environment which is always affected by many factors. The SWNT based pH sensor was tested every 24 h for seven consecutive days under the exact same experimental environments. The recorded impedances of the sensor for pH 3, pH 5, and pH 10 during this period were shown in Figure 9 remained sensitive to the buffer solutions after long period of time. To study the interaction between the impedance and the pH value, the obtained values from Figure 9 (a) were replotted and presented in Figure 9 (b). From the plot, we can see clearly that the SWNT based pH sensor was able to work consistently within seven days to give linear interaction between the impedance and the pH values.
Capacitance Results.
For a capacitor, it generates a capacitance value when an insulator known as dielectric exists in between the two electrodes. Before SWNT was aligned between the two gold electrodes, the device can be considered as a capacitive sensor. However, after the alignment of individual functionalized SWNT, the device created zero capacitance values because the SWNT is a semiconductor material. To study the capacitance effect, buffer solutions were dropped onto a pH sensor without the alignment of SWNT. Figure 10 shown the capacitancefrequency plot. It is clearly shows that the capacitances values decreased with increasing of pH values at low frequency.
The capacitance values recorded for buffer solutions with pH 3, pH 5, and pH 10 were 12.6 F, 16.4 F, and 39.5 F, respectively. The conductivity is proportional to the current that flows between the two gold electrodes. For current to flow, ions must be present in solution to carry the charge from one electrode to another electrode. Increasing the number of ions in solution will increase the amount of charge that can be carried between two electrodes and thus increase the conductivity. Another factor in conductivity measurements is that not all ions can carry charge (conduct electricity) equally. [29] . Thus, buffer solutions with pH 3 and pH 5 demonstrated higher molar conductivity than buffer solution with pH 10. Therefore, when the molar conductivity is high, the capacitance value is low.
Conclusions
We have fabricated the SWNT based pH sensor using low cost and simple photolithography and wet etching process.
Individual SWNT was aligned successfully between the two teeth-like gold electrodes. 5 V peak-to-peak and 20 MHz were the optimum voltage and frequency to align the individual SWNT using dielectrophoresis method. The impedance showed a linear response to the pH values of 3, 5, and 10. As the pH was increased, the impedance increased as well due to the donate/accept electron activities that happened which were induced by hydrogen (H + ) and hydroxide (OH − ) with carboxyl groups of functionalized SWNT. Without the alignment of SWNT, low capacitance values were measured for buffer solutions with pH 3 and 5 which is attributed to the higher molar conductivity of hydrogen (H + ) than hydroxide (OH − ). All the impedance and capacitance results showed here were repeatable. Although SWNT based pH sensor is still at its early research stages, we believe that the performance could be greatly improved by using advanced nanomaterial such as graphene.
